We employ density functional and quantum Monte Carlo calculations to show that significant changes occur in the optical gap of fully hydrogenated nanoclusters when the surface contains impurity passivants such as atomic oxygen. Our results show that quantum confinement is only one mechanism responsible for visible photoluminescence in silicon nanoclusters and that the specific surface chemistry must be taken into account in order to interpret experimental results. In the case of oxygen, the gap reduction computed as a function of the nanocluster size provides a consistent interpretation of several recent experiments. Furthermore, we predict that other double bonded groups also significantly affect the optical gap while single bonded groups have a minimal influence.
Introduction
Reducing the size of a semiconductor to the nanometer scale changes the physical properties of the material in a fundamental way. For example, semiconductor nanoclusters exhibit an increased optical gap and narrower emission spectra compared to bulk values [1] [2] [3] . In addition, reducing the size to the nanometer scale causes a dramatic increase in the surface area to volume ratio; therefore, the physical and chemical properties of semiconductor nanoclusters are greatly influenced by surface reconstruction, passivation, and ultimately by surface chemistry. The efficient photoluminescence (PL) observed in porous silicon [4] as well as in other free standing silicon nanoclusters [5] [6] [7] suggests that these structures may be exploited for specific applications in which they might be integrated within the existing silicon technology to create nanoscale optoelectronic devices. Additionally, the biocompatibility of silicon makes these nanoclusters ideal candidates for biotags, replacing the inefficient fluorescent dyes. However, the size dependence of the optical gap is difficult to reproduce in silicon nanoclusters as surface effects play a prominent role. Developing a more thorough understanding of the electronic and optical properties of silicon nanoclusters, in particular the influence of the surface, is a crucial step towards the utilization of these structures for new technologies.
Most experiments designed to explore the optical properties of semiconductor nanoclusters have focused on II/VI materials such as CdSe, CdS, and CdTe [1, 2, [8] [9] [10] as these clusters are easier to synthesize with a narrow size distribution and with well passivated surfaces. Although the effect of surface reconstructions and different passivants has not been studied in detail, it is generally accepted that quantum confinement dominates the optical properties of these II/VI clusters. In contrast, silicon nanoclusters are much less well characterized, and the interplay of quantum confinement and surface properties is still unclear. In particular, few surface sensitive probes are available, and thus distinguishing bulk effects from surface effects is difficult. Theoretical modeling [11] [12] [13] [14] [15] [16] is challenging within this size regime as a full quantum mechanical description of both the core and the surface is required to provide accurate and predictive data. Recent studies have, in general, shown that the surface can affect the optical properties including gaps and radiative lifetimes (strength of transition) [17, 18] . The possibility of surface control of optical properties can provide opportunities to design nanoclusters with the desired properties.
Recent studies on the role of surface chemistry on the optical properties of silicon nanoclusters have reported conflicting levels of importance, ranging from minimal [19] [20] [21] [22] to crucial [6, 17, 18, 23] . In particular, experiments investigating the effect of oxygen in both porous silicon [17] and hydrogen passivated nanoclusters [18, 20, 21, 23] have generated conflicting results. Oxygen exists in many experiments as a contaminant [21, 22] and may also be intentionally used to saturate dangling bonds [6, 17, 23] . Discrepancies between experiments have arisen both with respect to the shift in the emission spectra and the changes in intensity when oxygen is adsorbed onto hydrogenated silicon nanoclusters. With the exception of oxygen, very few detailed experimental studies of surface passivants have been undertaken to date.
In this paper, we present ab initio calculations of a number of hydrogen passivated silicon nanoclusters with diameters up to 2 nm. In our calculations, we replaced one or more of the hydrogen atoms with a number of different passivants including oxygen, sulfur, a CH 2 group, fluorine, chlorine, and a hydroxyl group (OH). We found that double bonded passivants significantly reduce the gap compared to a completely hydrogenated cluster. Conversely, we found that single bonded passivants have a minimal effect on the optical gap. Finally, we specifically present results for a common contaminant, oxygen, suggesting explanations for the discrepancies amongst experiments [5, [20] [21] [22] [23] and we calculate the size below which an ''oxygen gap" will be observed.
The rest of the paper is organized as follows: Section 2 discusses the theoretical methods we used to perform our calculations, Section 3 discusses the specific DFT and QMC results, Section 4 interprets these results, and Section 5 offers some concluding remarks.
Computational Methods
Large scale atomistic calculations are needed to study the surface of silicon nanoclusters with diameters up to 2 nm. The calculations were performed using density functional theory (DFT) and quantum Monte Carlo (QMC). The diameters were calculated
, where N is the number of silicon atoms and a is the lattice constant. We studied completely hydrogenated silicon nanoclusters and silicon clusters with a range of different passivants replacing one or two of the hydrogen atoms. We also replaced up to 12 hydrogens with oxygen. Our ab initio DFT calculations were based on the local density approximation (LDA) and the generalized gradient approximation (GGA). We adopted a pseudopotential plane wave approach [24] in which we designed an artificial periodic system of clusters with a large enough spacing so that no resulting spurious interactions existed between them. All the clusters were placed in a periodically repeated box with 9 to 16 A of vacuum region between the clusters (the precise amount depended on the resulting structural relaxation of the different passivants and on convergence tests performed for each system). This amount proved sufficient for all square modulus of wavefunctions to have negligible values well before the box edge. The interaction between the silicon ionic cores and valence electrons was described by a fully norm conserving, non-local pseudopotential of the Hamann type [25] except for hydrogen in which we used a pseudopotential of the Giannozzi type [26] . In our DFT calculations, we used the CeperleyAlder exchange-correlation energy functional and potential [27] . The Kohn-Sham orbitals were expanded in a plane wave basis set with a kinetic energy cutoff of at least 35 Ry corresponding to about 10 5 plane waves. In cases with passivation groups different from hydrogen, we used up to 70 Ry for convergence tests. We found that the higher cutoff had no discernible effect on the difference between the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO), that is, the single-particle gap as defined within DFT (less than 0.3% in all cases).
All silicon clusters were initially constructed in a diamond structure lattice with bulk silicon-silicon bond lengths. Dangling bonds were passivated with hydrogen initially placed along the appropriate tetrahedral direction at the experimental value of the silicon-hydrogen distance in SiH 4 . The structures were then relaxed to zero temperature molecular dynamics simulations where the ions are treated classically and the electrons quantum mechanically until the correct ground state structure is reached. In every case, each atom was relaxed until the residual forces were less than 2 Â 10 À4 eV/ A. We also performed GGA calculations using the PBE functional [28] on a number of representative clusters, including full geometry reoptimization, in order to test the effect of gradient corrections to the exchange-correlation potential. Despite slight changes to the structure (1.6% longer silicon-silicon bond lengths) and the total energies, we found that the single-particle gaps agree to within 0:05 eV for all cases tested.
Although the LDA HOMO/LUMO gap is known to reproduce qualitative trends of optical gaps correctly, the lack of a proper treatment of the self-energy correction and the exciton binding energy (Coulomb interaction between the excited electron and its resulting hole) calls for a more accurate tool to quantitatively calculate optical gaps. We decided to use quantum Monte Carlo (QMC) in order to calculate the optical gap using
is the total energy of the cluster in its excited (ground) state. QMC is one of the most accurate methods for calculating total energies and gaps [29] [30] [31] . To date, most QMC calculations have been performed on small molecules or on periodic systems due to the computational workload of these calculations. Here, we used the linear scaling algorithm based on a maximally localized Wannier function basis [32] to perform QMC calculations on large clusters. Specifically, we performed QMC on all the hydrogenated silicon nanoclusters and a number of those containing oxygen. Through these representative clusters, we determined that the LDA can indeed qualitatively describe trends of optical gaps, both as a function of size and of different passivants.
Results
The role of contaminants on the surface of silicon nanoclusters, specifically oxygen, has generated some controversy. The school of thought advocating quantum confinement as phys. stat. sol. (b) 233, No. 1 (2002) the only mechanism responsible for visible PL would suggest that regardless of the passivating surface, the same results should be observed as long as all dangling bonds are saturated [20] [21] [22] . This line of thought contradicts results on porous silicon reported by Wolkin et al. [17] as well as the tight-binding calculations on various size nanoclusters reported in that work. In order to investigate the effect on the optical gap in silicon nanoclusters containing oxygen, we studied a single oxygen double bonded to the surface of clusters with diameters up to 1:8 nm. Figure 1 shows our calculated LDA single-particle gaps and lowest QMC optical gaps of hydrogenated silicon nanoclusters, with and without oxygen, as a function of cluster size. Our LDA results for fully hydrogenated nanoclusters show good agreement with previously published DFT values [13, 14] , and our QMC results agree with those of accurate GW calculations on small clusters [15] . Quantum confinement still plays a key role up to at least the sizes considered here since the single-particle (LDA) gap and the optical (QMC) gap of oxygenated clusters decrease with increasing size, albeit, at a much slower rate than for the perfectly hydrogenated clusters. Overall, the LDA gap trends as a function of size for both pure hydrogen and mixed hydrogen/oxygen passivated clusters are well reproduced by our QMC calculations. The shift in the gap from LDA to QMC in totally hydrogenated clusters is much greater (around 1.5 eV for clusters around 1 nm) than in those with oxygen contamination (around 0 Fig. 2b shows that the HOMO and the LUMO are strongly localized near the surface oxygen in Si 35 H 34 O. We believe that the observed difference in shifts is predominantly due to this localization since a much greater excitonic binding occurs in the oxygen contaminated clusters.
The tendency of double bonded oxygen atoms to lower the gap, as shown in Fig. 1a , is in qualitative agreement with results given by Wolkin et al. [17] . Those semi-empirical tight-binding calculations predicted, however, that oxygen states should disappear from the gap for cluster sizes above 3 nm instead of the 2-2.5 nm range we find. As shown in Fig. 1b , a further significant reduction in the gap occurs when every double bond of the cluster surface (a total of six) is replaced by oxygen in Si 10 and Si 35 . This reduction is very significant (e.g. 25% of the total oxygen gap in Si 35 H 34 O) and is one possible explanation for the wide discrepancy among so many different experiments.
Our calculations involving silicon nanoclusters with oxygen may be summarized as follows: 1) Quantum confinement is not the only mechanism responsible for visible PL contrary to previous reports; 2) the energy of the oxygen states is not pinned but also decreases with increasing size; 3) in the presence of one oxygen passivant the oxygen gap will disappear at around 2 nm, a value which is smaller than the 3 nm critical size reported in tight-binding calculations [17] ; and 4) multiple oxygen passivants can lower the gap even more significantly (an additional 0:6 eV) which might perhaps explain the wide discrepancy between so many experiments in which either oxygen was present or the impurities were unknown.
Discussion
In order to analyze the physical origin of the effect of oxygen on the single-particle and the optical gap, we investigated the effect of other contaminants on the energy gap as well. In particular, we investigated whether the gap closing is related to the high electronegativity of the contaminant, the electronic levels of the passivant such as the lone pair state appearing in the middle of the gap, or the chemical environment, specifically, the existence of a double bond.
Oxygen is highly electronegative with a value (3.5) comparable to fluorine (4.0) and chlorine (3.5). We investigated the effect of the electronegativity of the passivants by calculating the gaps of Si 35 H 35 F and Si 35 H 35 Cl. A comparison of the molecular energy levels for each of these clusters (see Fig. 3 ) reveals that F and Cl have relatively little effect on the gap although the energy of the LUMO decreases slightly with respect to the fully hydrogenated cluster. As shown in Fig. 2a , the HOMO and LUMO of Si 35 H 36 are both confined to the core of the cluster. This confinement is similar to that observed in clusters with single bonded passivants. Using chlorine as an example, we see that the HOMO density is altered with respect to the fully hydrogenated cluster and the LUMO density is ''pointing" towards the chlorine atom (see Fig. 2c) effect of these passivants is to break the T d symmetry and split the three degenerate HOMO states. Of course, due to symmetry breaking, the triple degeneracy of the HOMO found in a totally hydrogenated cluster with T d symmetry is broken when a single contaminant is introduced, giving rise to a small splitting. Based on these observations, we conclude that most single bonded passivants will generate similar singleparticle gaps, regardless of their electronegativity or individual atomic levels. To further analyze whether there is some other characteristic of oxygen accounting for its closing the gap, such as the lone pair state of oxygen, we passivated Si 35 H 35 with OH which has a lone pair, and Si 35 H 34 with CH 2 , a passivant with no lone pair. In the cluster containing an OH, we observed a slight decrease in the gap from the H-passivated silicon value similar to the other single bonded elements (F and Cl). In the CH 2 case, however, we found a large reduction of the gap down to 2.5 eV which is similar to the gap observed in atomic oxygen, yet there is no lone pair in the CH 2 group. It appears, therefore, that neither the electronegativity of oxygen nor its lone pair state is responsible for the significant gap closing. However, similar to oxygen and CH 2 , a large closing of the LDA gap from 3.4 eV to 1.8 eV occurs when a double bonded sulfur atom is used to passivate the surface. Similar to oxygen, the HOMO and LUMO are localized on the passivant. The effects of the double bonded passivants on the HOMO/LUMO gap are profound with the gap decreasing from the completely hydrogenated case by an amount ranging from 0:9 eV (when CH 2 is added) to 1:6 eV (when sulfur is added). Figure 3 summarizes our LDA results for all the passivants considered here. The molecular energy levels of Si 35 H 35 X where X ¼ H, OH, Cl, and F, respectively, are nearly identical with a 0.1 to 0.2 eV variation on the gap. Likewise, the three passivants forming double bonds with the surface (O, S, and CH 2 ) have similar energy levels (very different to the single bonded passivants).
The fluorine, chlorine, and OH results indicate that the electronegativity of a passivant does not play a key role in altering the gap. The fact that OH does not alter the gap indicates that lone pair states are also not responsible for the reduction observed in the presence of oxygen. This conclusion is further supported by the cluster passivated with CH 2 which has no lone pair, yet closes the gap more than all the single bonded passivants. We therefore believe that the presence of a double bond induces a considerable distortion of the tetrahedral sp 3 network of the cluster which is responsible for a gap reduction. This conclusion is further verified by placing an oxygen in a bridged network (Si-O-Si). In Si 35 H 34 O, forming an Si-O-Si bridge distorts the network significantly (see Fig. 4 ). The resulting distortion is such that a cluster with an Si-O-Si bond is actually almost 3 eV higher in energy than double bonded oxygen (in LDA), and the gap decreases by a significantly greater amount, similar to the reduction induced by double bonded oxygen. Thus, we believe that any passivation process that significantly distorts the sp 3 network will also alter the gap.
In order to make contact with the wide range of experimental methods for ascertaining optical gaps, ranging from simple PL measurements [6] to XAS [22] , the calculation of the strength of a given transition is of paramount importance. Despite its accuracy in calculating the energy gap of a given transition, QMC methods cannot routinely be used to generate absorption spectra since each excitation would have to be a separate calculation. Other methods such as TD-LDA and GW-BSE, would be required to generate such spectra. However, we can estimate the relative strength of a given transition by calculating dipole matrix elements
where w * f is the LDA final state, w i is the initial state, and the x k 's are the three Cartesian directions in real space and f if is the frequency of the transition. Because our used adopted supercell size is large, each w is essentially zero at the box edge. Thus, by integrating over the box in real space, we essentially integrate to infinity and a reasonable estimate of transition (i.e. oscillator) strength may be obtained. We examined whether the smallest gap in double bonded passivants can be observed. With this aim, we calculated the lowest transitions of the following clusters: Si 35 H 34 O, Si 35 H 24 O 6 , and Si 35 H 34 S. When a passivant is double bonded, such as oxygen and sulfur, the lowest lying transition is negligible; however, the HOMO-1/LUMO transition is strong, on the order of that of hydrogen passivation alone (more than three times stronger in clusters with a sulfur impurity). GW-BSE calculations show this transition to be 0:2 eV larger than the HOMO/LUMO transition in clusters with one oxygen [33] . However, when six oxygen atoms contaminate the surface, we obtain strong transitions which are still smaller than the smallest, unobserved gap in a single double-bonded oxygen cluster. These LDA estimates of oscillator strengths agree qualitatively with GW-BSE results [33] as well as TD-LDA results [34] .
Conclusion
In conclusion, we have demonstrated that quantum confinement is just one mechanism responsible for optical transitions in silicon nanoclusters and that the specific surface chemistry must be considered to interpret experimental results. We have carried out an analysis of the densities associated with the HOMO and the LUMO of silicon nanoclusters (with diameters up to 1:8 nm) passivated with hydrogen as well as Si 35 3 network at the surface is a mechanism responsible for PL. Any disturbance of the sp 3 network induced by double bonded passivants closes the single-particle gap by at least 1 eV in the LDA and the optical gap by 2 eV in QMC for clusters of 1 nm in diameter. Our results indicate that a range of absorption gaps could be seen using passivants such as O, S, and CH 2 and that even a single contaminant can have a large impact on the experimental results. We have also discovered that multiple contaminants can further alter the gap giving a large (0:6 eV) range of observed values, perhaps partially accounting for the wide discrepancies in experiments. We found that bridged oxygen may also alter the gap, especially if it distorts the network significantly as in Si 35 H 34 O. These results should help in interpreting experimental data for silicon nanoclusters.
